Introduction
Diagnostic Silurian species found at disparate sites in the Northern Hemisphere can be used to constrain the paleogeographic setting of «exotic» terranes now located in western North America (Alaska), southwestern Siberia, and the Urals. Together with other geologic evidence, these data circumscribe terrane locations to the Uralian Seaway. Specifically, extensive microbial-sponge reef communities of Late Silurian (Ludlow) age occur in the Alexander terrane (AT) and Farewell terrane (FT) of Alaska, in Salair in southwestern Siberia, and along the western and eastern slopes of the Urals. These reefs were built by an unusually distinctive consortium of microbial organisms (calcified cyanobacteria, calcareous algae, and microproblematica), sphinctozoan (aphrosalpingid) sponges, and Fistulella, a problematic hydroid. They are found nowhere else in the world during that restricted time interval.
We present below a brief overview of Northern Hemisphere paleogeography, the geologic setting of the reef biotas, and their paleobiogeographic affinities. These data show that the microbe-dominated biotas record enormous ecological changes and unusual seaway conditions that prevailed across a broad region, bordered by Siberia to the north and by Laurentia and Baltica to the south [3, 53] . We hypothesize that narrowing of the Uralian Seaway and late-stage Caledonide (Scandian) tectonism generated significant terrestrial influx, reduced habitats for normalmarine metazoans, elevated nutrient loads, and, ultimately, fueled extensive microbial «blooms» that promoted stromatolite reef growth in the proto-Arctic basin in the Late Silurian.
Northern Hemisphere Paleogeography

Continents
In the Early-Mid Paleozoic, Laurentia and Baltica were clustered near the equator separated from Siberia to the north by the Uralian Seaway (Figure 1 ). During the Our updated model for the paleogeography of Alaska's Alexander (AT) and Farewell (FT) terranes along the Uralian Seaway, which also shows current locations of the AT and FT in Alaska and photomicrographs of representative reef biotas (stars indicate sites of co-occuring microbial-sponge-hydroid reef associations in Alaska, Salair, and the Urals). Modified from [3, 20, 30, 50] . Abbreviations: EU-Eastern Urals; OT -Omulevka terrane, SAL -Salair, WU -Western Urals. Photomicrograph abbreviations: A -aphrosalpingids,
Silurian, that seaway straddled the equator and was at its narrowest [30] with Siberia in close proximity to Baltica [19] . In the Late Silurian, Laurentia and Baltica ñollided during culminating phases of the Caledonide Orogeny. As Euramerica (Laurussia) was being consolidated, flyschmolasse sequences of the Old Red Sandstone (ORS) developed across 40° of latitude, extending 4500 km from eastern North America to Ireland, the UK, Norway, East Greenland, and Spitsbergen. The extraordinary thickness (4-8 km) of ORS sequences reflects high depositional rates in rapidly subsiding, intra-montane basins [9, 10, 19, 21, 25] . Until the onset of Uralide orogenesis, eastern Baltica (western slope of the present-day Ural Mountains) was a passive continental margin and unaffected by Caledonide orogenesis, as indicated by the absence of red bed molasse in the Late Silurian-Early Devonian. The Tagil and other volcanic arcs were accreted as terranes to Baltica, forming the eastern slope of the Urals beginning in the Late Devonian [36] . However, the pre-Carboniferous location of specific arc terranes that underwent accretion during the Uralide orogen is still debated.
Terranes
The Alexander terrane (AT) is one of the largest and best studied of the many terranes that form the North American Cordillera (all references in [50] ). It originated in the Neoproterozoic-Early Paleozoic as an island arc and comprises early Precambrian detrital zircons that match the age of magmatic rocks found only in Baltica [26, 32] . Moreover, the Wales pre-Ordovician orogenic event in the AT bears similarities with the Neoproterozoic-early Paleozoic Timanide orogen of eastern-northeastern Baltica [20] . Significantly, the AT is the only Cordilleran terrane that experienced a Late Silurian-Early Devonian orogeny (Klakas event); detrital zircons extracted from orogenic molasse (Upper SilurianLower Devonian Karheen Formation) best match those from western Baltica and the northern Caledonides [12, 13, 20, 26] . Finally, Silurian-Lower Devonian facies in the AT are very similar lithologically to coeval ORS deposits, which suggest that the arc-continent collision experienced by the AT during the Klakas event was related to Caledonide orogenesis [11-13, 55, 58] . Because its geologic history and fossil affinities are well established, the AT's location along the mid-southern portion of the Uralian Seaway (Figure 1 ) serves as a linchpin for unraveling Northern Hemisphere paleogeography in the midPaleozoic, as described below.
The Farewell terrane (FT) of southwestern Alaska is a continental margin fragment, as indicated by Lower Paleozoic carbonate and siliciclastic shelf and slope deposits [20] . Early Paleozoic faunas share affinities with biotas in Siberia as well as Laurentia, Arctic Alaska-Chukotka terrane, and, to a lesser extent, the Omulevka terrane. This suggests that the terrane was derived from the Siberian (or Laurentian?) margin [14, 57] . Even though its mid-Paleozoic paleolatitude has yet to be established from paleomagnetic data, the FT was most likely located within 30° of the equator, given the thick carbonate deposits and abundance of warm-water indicators.
Debates persist about whether Salair, a Neoproterozoic-Early Paleozoic island arc, accreted to southwestern Siberia (present-day coordinates) in the early Ordovician, subsequently forming part of a passive continental margin sequence, or if it remained an independent tectonic entity (micro-continent) before becoming welded to Siberia in the post-Silurian [23, 31, 60] . Thus, Salair's paleogeography in the Late Silurian-Early Devonian remains open for discussion, although paleomagnetic data locate it within 30° of the equator in the mid-Paleozoic [59] , as does paleontologic and sedimentologic evidence (discussed below).
Late Silurian Microbial Reefs
The AT is one of two Cordilleran terranes where an unusually distinctive consortium of microbial organisms (calcified cyanobacteria, calcareous algae, and microproblematica), sphinctozoan (aphrosalpingid) sponges, and Fistulella (a problematic hydroid) built enormous reefs in the Late Silurian (Ludlow) ( Table 1 ). These microbe-dominated deposits do not represent level-bottom mat communities that grew in a marginal-marine or intertidal setting, as suggested by Cocks and Torsvik [19] . Rather, associated metazoans, the massiveness of the limestones, and the downslope deposition of megabreccias -some in the AT comprise house-sized blocks lithified by coarse rinds of marine carbonate cements -clearly indicate that the calci-microbes constructed substantial stromatolite reefs at a platform margin [7, 45, 47, 56] .
The FT is the other Cordilleran terrane where an extensive microbial reef complex developed in the Late Silurian-Early Devonian [18] . Diverse microbial taxa (e. g., Solenopora, Epiphyton, Renalcis, and Sphaerocodium) constructed the buildups associated with dasycladaceans, gypidulinid brachiopods, sphinctozoan sponges (aphrosalpingids), problematic hydroids (e. g., Fistulella), and rare corals and stromatoporoids. These deposits are approximately 500 m thick, 1 km wide, and several 100 km long. They interfinger with limestone debris flows and graptolitic shales of basinal origin.
The Ludlow reefs of the Urals formed in two different environmental settings: A) the West-Uralian reefs exposed for 2500 km were rigid organic structures that grew a passive platform at the eastern margin of Baltica; B) reefal limestones from the Eastern Urals originated in the Tagil island arc during a phase of waning volcanism. The Ludlow reefs are characterized by a similar, distinctive stromatolitic framework, encrustations of aphrosalpingid sponges on Fistulella [6, 7, 53] , and relatively rare, fragmented remains of shelly marine benthos (brachiopods, coral, etc.) ( Figure 1 ). In the Upper Silurian reefs of both regions, similar groups of organisms comprise the major reef-builders and reef-dwellers ( Table 1 ). The co-occurrence of Aphrosalpinx textilis, Fistulella undosa, and Ludlovia multispora establishes a paleobiogeographic link between WestUralian and East-Uralian environmental settings during the Late Silurian.
In northwestern Salair, Ludlow reefs described from the Potapovka Formation also exhibit a relatively low abundance of metazoans in a reef framework dominated by a similar consortium of microbial-stromatolitic taxa [3, 4] .
Paleoenvironmental and Paleogeographic Implications
Because the AT's location is circumscribed to the Caledonide region in the Late Silurian-Early Devonian, the AT's distinctive biotas shed insights into paleoenvironmental conditions and paleogeographic relations that once existed in the proto-Arctic basin. In the Late Silurian, the Uralian Seaway was a narrow, equatorialsubequatorial marine corridor affected by Caledonide orogenesis along its southern margin [19, 50] . As the orogenic event reached its peak in the Late Silurian (Scandian phase), vast accumulations of Caledonide-derived sediment poured into the Uralian Seaway. Terrigenous sediment filled deep-marine troughs before flooding across shallow-marine platforms, terminating carbonate deposition to the south [19, 25] . We hypothesize that excessive nutrients, transported via terrigenous clastic runoff, fueled cyanobacterial «blooms» [50] . Unusual seawater chemistry and fluctuations in temperature, salinity, and oxygen concentrations could have also induced stressed environmental conditions [49] .
The AT's microbial reefs, which existed for a short time during culminating Caledonide (Scandian) phases in the Ludlow, clearly serve as a «fingerprint» of abnormal marine conditions that developed in the Uralian Seaway in the Late Silurian. Thus, we propose that similar, coeval biotas, such as those from the FT, Urals, and Salair, must have evolved at sites within that broad but contiguous marine basin, where Uralian Seaway conditions were conducive to the expansion of microbe-dominated communities. Percentages of taxa shared in common among coeval biotas are used to help locate more precisely each reef site and thus refine Northern Hemisphere paleogeography in the mid -Paleozoic.
Although not identical in taxonomic composition, the Alaskan reefs are most similar to coeval stromatolitesponge-hydroid reefs that developed in eastern Baltica [2, 7, 8, 47, 48] . The Uralian microbial reefs share >80 % of key taxa in common with the AT reefs ( Table 1) . Ludlow reefs in Salair also exhibit greatest similarities with the Uralian and AT reefs, sharing 61 % of taxa in common; far fewer of the reef taxa (22 %) co-occur in the FT [3, 4, 7] (Table 1) . Similarly, the Ludlow microbial reefs in the AT and the Urals share only 25-30 % of taxa in common with the FT [48] (Table 1) .
The paleontologic data indicate that Salair must have existed within the Uralian Seaway at a site between Baltica and Siberia that favored biotic exchange with the Tagil (EU) and Salair island arcs, AT, and, to a lesser extent, the FT in the Late Silurian (Figure 1) . The greater similarities shared with the Uralian and AT biotas suggest that Salair was most likely located in the eastern portion of the seaway, either as an independent micro-continent or as part of southwestern Siberia (Table 1, Figure 1) .
Because the FT shares some Ludlow reef biotas in common with Salair, the AT, and Urals, it too must have been located along the Uralian Seaway somewhere between Siberia, Baltica, Laurentia, and the AT [20, 50] . However, the absence of post-orogenic, flysch-molasse sequences in the FT comparable to the ORS indicates that the FT was not affected by the Caledonide orogeny and so must have resided at a significant distance from the orogenic front. Also, given the lower percentage of Silurian biotas in the FT that co-occur in the AT and Urals, the FT was most likely located along the northern margins of the Uralian Seaway at a site that lay beyond the effects of Caledonide tectonism and molasse deposition in the Late Silurian [49] (Table 1, Figure 1 ).
Additional support for our paleogeographic model is derived from a comprehensive compilation of all Silurian taxa described to date from the AT-from microbes to metazoans associated with reefs and level-bottom habitats (Table 1) . Those data reveal that Silurian biotas in the AT do indeed exhibit strongest provincial affinities with Baltica, sharing 61 % in common. Significantly fewer AT taxa co-occur elsewhere, as indicated by the 20 % of taxa shared with Laurentia, 16 % with Salair, 12 % with the eastern Urals, and 11 % with the FT and also Siberia (Table 1) . Thus, the paleontologic evidence is in full agreement with paleogeographic data derived from paleomagnetic and detrital zircon studies, which position the AT close to the Caledonide front [11- 13, 20] .
This multi-disciplinary perspective helps explain how similar Late Silurian marine communities could evolve in disparate tectonic settings: island arcs (AT, EU), passive continental margin (WU), and micro-continents (Salair, FT). Clearly, organisms that colonized those areas were adapted to the special conditions that arose during culminating phases of the Caledonide orogeny, as marine habitats were shrinking and receiving considerable sediment influx. Each biota acquired its own regional signature but was able to exchange larvae and undergo transmigration with other sites within the Uralian Seaway. Those in closer physical proximity or linked via effective ocean currents are characterized by a higher percentage of taxa shared in common (Figure 1) .
During culminating orogenic phases in the Late Silurian-Early Devonian, the AT reefs collapsed as the shelf margin foundered, and AT biotas experienced regional extinction during marine regression and molasse progradation [55] . Elsewhere, however, abnormal conditions appear to have prevailed for millions of years at sites along the Uralian Seaway not overwhelmed by Caledonide-derived clastic influx. In particular, microbial-dominated reefs, associated in many areas with Fistulella, persisted into the Early Devonian along the western slope of the Urals, in the Tagil volcanic arc that would be accreted later to form the eastern Urals, and in the FT [5, 18] . The prolonged existence of massive reefs with a stromatolite-like, calcified framework, atypical for most Paleozoic reefs, is testament to the prevalence of unusual environmental conditions within the Uralian Seaway over a considerable interval of time [1, 2] .
Finally, to test the hypothesis that the microbialaphrosalpingid-Fistulella reefs are a Late Silurian «finger-print» for abnormal Uralian Seaway conditions in the Late Silurian, research was undertaken on coeval limestone deposits that formed in the Gobi-Altaj and Mandalovoo terranes in Mongolia. Those terranes were situated in the Northern Hemisphere within 35° of the paleoequator but beyond the eastern margin of the Uralian Seaway in the Paleozoic [35, 52] . The coeval rocks examined in Mongolia formed under environmental conditions broadly similar to those in the AT (i. e., in a spectrum of shallow-to deep-marine, limestone-dominated environments in a tectonically active setting). Yet calci-microbes do not predominate in the reefs or level-bottom communities there, and none of the distinctive microbial, aphrosalpingid, or hydroid taxa exist in the Gobi-Altai region [35, 52] . This helps confirm our hypothesis that unusual conditions along the Uralian Seaway-and nowhere else-favored the development of microbial reefs in the Late Silurian. 
Conclusions
Our updated paleogeographic reconstruction of the Northern Hemisphere in the Late Silurian is based on an analysis of unique reef biotas and associated communities described from the AT, FT, Salair, and Urals. Those reefs, dominated by microbial rather than metazoan taxa, are diagnostic indicators of the stressed environmental conditions that developed along the Uralian Seaway in the Late Silurian during culminating phases in the Caledonide orogeny. An integration of paleogeographic (paleomagnetic, detrital zircon) and paleobiogeographic (paleontologic) evidence allows the AT to serve as a linchpin for identifying the Northern Hemisphere position of some accreted terranes and micro-continents in the mid-Paleozoic.
